The Niemann-Pick-type C1 (Npc1) protein mobilizes LDLderived cholesterol from lysosomes. Npc1 deficiency disease is a panethnic autosomal recessive disorder of intracellular cholesterol trafficking, leading to accumulation of cholesterol in endosomes/lysosomes. This report assesses the effects of a spontaneous inactivating mutation of the Npc1 gene on spermatogenesis and cholesterol homeostasis in mice. We quantified 1) free and esterified cholesterol levels by enzymatic analysis, 2) cholesterol enzymes and transporter protein expression by Western blotting, and 3) the number of Apostain-labeled apoptotic germ cells and apoptosis levels by ELISA in seminiferous tubule-enriched fractions. In wild-type (WT) mice, esterified cholesterol was elevated when Npc1 expression was low during puberty, while in adulthood, the levels were low (P , 0.05) when Npc1 expression was high (P , 0.01). In Npc1À/À mice, free and esterified cholesterol were significantly elevated. The abundance of cholesterol regulatory proteins, HMGR ACAT1, ACAT2, SR-BI, and ABCA1 was significantly higher in Npc1À/À than in WT mice. The level of apoptosis determined by ELISA and the number of Apostainlabeled cells/tubule were higher in Npc1À/À than in WT mice. Circulating testosterone levels in the Npc1À/À males were threefold lower than those observed in the WT. Deleting the Npc1 gene is accompanied by an increase in germ cell apoptosis and compensatory imbalances in the expression of cholesterol enzymatic and transporter factors and is associated with esterified cholesterol accumulation in seminiferous tubules. apoptosis, cholesterol metabolism, Niemann-Pic C1, Npc1 mutation
INTRODUCTION
Cholesterol, a component of all cells, is present in both the interstitial tissue and the seminiferous tubules of the testis. Sertoli cells and germ cells synthesize cholesterol de novo from acetate [1] , but whether this synthesis is sufficient to meet cellular requirements is unknown. It is generally accepted that cholesterol must be imported in part from circulating lipoproteins [2] via cholesterol transporters [3] . In addition, cholesterol contained in residual bodies [4] or in apoptotic germ cell membranes engulfed by Sertoli cells is partly recovered in the endosome/lysosome compartment. Cholesterol homeostasis entails a balance in the uptake, storage, recycling, and efflux of cholesterol [5] .
The intracellular distribution of exogenous cholesterol depends in some measure on the Niemann-Pick C1 (Npc1) protein [6] . The lack of Npc1 is characterized by an endosome/ lysosomal storage disorder in which unesterified cholesterol accumulation results in tissue dysfunction [7] , including neurological symptoms [8] and sperm defects [9] . Npc1 deficiency is accompanied by low-density-lipoprotein-derived cholesterol (LDLc) accumulation in late endosome/lysosomes associated with a delayed cholesterol transport to cellular compartments [6, 10] , especially to the endoplasmic reticulum (ER) [11] . Delivery of cholesterol to the ER stimulates cholesterol esterification by acyl-CoA: cholesterol acyltransferase (ACAT) [12, 13] . ER cholesterol levels also regulate cellular cholesterol homeostasis through the regulated cleavage of sterol regulatory element binding proteins, transcription factors that control de novo synthesis and cellular uptake of cholesterol by the LDL and HDL receptors.
The pathological, experimental, and natural arrest of spermatogenesis as seen in seasonal breeders is frequently accompanied by variations in esterified cholesterol in seminiferous tubules [3, 14, 15] . Male mice with a spontaneous mutation of the Npc1 gene were reported to be infertile [9] . In this study, we hypothesized that the lack of the Npc1 gene is accompanied by abnormalities in spermatogenesis and deregulation of cholesterol homeostasis in seminiferous tubules. Decreasing cholesterol content is crucial for normal sperm function [16] , suggesting that balancing cholesterol level in sperm membranes is required for male fertility. Indeed, high cholesterol levels in sperm are negatively correlated with sperm quality in humans [17] . Moreover, cholesterol may have an impact on sperm lipid raft function. All measurements in this study were performed in seminiferous tubule-enriched fractions [18] rather than in whole testis extracts. This work extends the findings from other studies that have reported that Npc1 gene deletion decreased testosterone production by Leydig cells [19] . This was due not to insufficient availability of precursor cholesterol [20] but to decreased pituitary stimulation [21] , which was corrected by expression of Npc1 in glia [22] . We now address the cholesterol metabolism in the seminiferous tubules and its relationship to spermatogenesis in mice lacking a functional Npc1 protein. We observed that, in seminiferous tubules of the mouse bearing a spontaneous mutation of the Npc1 gene, there is increased apoptosis, imbalance in the expression of cholesterol enzymatic and transporter factors, accumulation of esterified cholesterol.
MATERIALS AND METHODS

Animals
Wild-type mice: Adult mice (BALB/cJ background), purchased from Charles River (St-Constant, QC, Canada), were housed at room temperature with 12L:12D cycle. Food and water were provided ad libitum. Animals were anesthetized by i.p. injection of 0.9 ml/kg body weight of sodium phenobarbital (Somnotol; MCI Pharmaceutical, Mississauga, ON, Canada) and 0.15 ml/kg body weight of a solution of 0.3 g/ml chloral hydrate in sterile saline. For studies on development, testes were harvested at 7-day intervals from 14 days after birth to the onset of adulthood (14, 21, 28, 35, 42 , and .60 days old). Five animals were used per age-group.
Niemann-Pick C1 (NPC1) mutant mice: The testes of 12 adult male Npc1À/À mutant mice and of 15 wild-type (WT) mice also of the BALB/cJ background were used. All these animals were more than 60 days old. The Npc1À/À mice are characterized by a spontaneous mutation that results in an autosomal recessive lipid disorder that causes the animals to die by the age of 10 wk [23] . Testes were harvested from anesthetized animals and treated individually. Animal use protocols were approved by the University of Montreal Animal Care Committee.
Source of Chemicals
Phenylmethane-sulfonyl fluoride (PMSF), leupeptin, aprotinin, cell death detection ELISA kits, and Lumi-lightPlus chemiluminescence detection kits were purchased from Roche (Laval, QC, Canada). Potassium bisperoxo (1,10-phenanthroline) oxovanadate (V) (bpV [phen]) was from Calbiochem (San Diego, CA). The testosterone enzyme immunoassay (EIA) kit was from Cayman Chemical (Ann Arbor, MI). The cell death detection ELISA kit was from Boehringer-Mannheim (Laval, QC).
Antibodies
Purified rabbit polyclonal anti-SR-BI, rabbit polyclonal anti-SR-BII (scavenger receptors-BI and BII), and rabbit polyclonal anti-ABCA1 (ATP binding cassette A1) were purchased from Novus Biologicals (Littleton, CO). Rabbit polyclonal anti-CD36 (cluster of differentiation 36) IgG was generously provided by Dr. M. Febbraio (Lerner Research Institute, Cleveland, OH). Chicken polyclonal anti-HSL (hormone sensitive lipase) was from ProSci Inc. (Poway, CA). Rabbit polyclonal anti-HMGR (hydroxyl-methyl coenzyme-A reductase) was from Upstate (Lake Placid, NY), and rabbit polyclonal anti-ACAT1 (acyl coenzyme A: cholesterol acyltransferase type 1) and anti-ACAT2 (acyl coenzyme A: cholesterol acyltransferase type 2) were from Cayman Chemical. Rabbit polyclonal anti-Npc1 was from Abcam Inc. (Toronto, ON). Mouse monoclonal anti-Fas and mouse monoclonal anti-Fas-Ligand were from Transduction Laboratories (Lexington, KY). Rabbit polyclonal anti-caveolin-1 was from Santa Cruz Biotechnology (Santa Cruz, CA) and purified mouse antiflotillin-1 from BD Biosciences (Mississauga, ON). Rabbit polyclonal antiLamp1 (lysosome-associated membrane protein 1) was a generous gift from Dr. J.T. August (Johns Hopkins University School of Medicine, Baltimore, MD). Rabbit polyclonal anti-actin was purchased from Sigma (St. Louis, MO), and a monoclonal Ab against single-stranded DNA F7-26 (apostain) was from Alexis (San Diego, CA). HRP-conjugated streptavidin was from Molecular Probes (Eugene, OR). Biotinylated anti-rabbit affinity-purified F(ab 0 )2 fragment and peroxidase conjugated anti-rabbit IgG, peroxidase-conjugated anti-mouse IgG, and anti-chicken IgG were purchased from Jackson Immunoresearch Laboratories (Mississauga, ON).
Isolation of Seminiferous Tubule-Enriched Fractions
Freshly decapsulated testes were processed to produce seminiferous tubuleenriched fractions and interstitial tissue-enriched fractions as described in detail earlier [3, 18] . Briefly, seminiferous tubules were manually separated from the interstitial tissue with fine tweezers without the use of collagenase in PBS with phosphatase and protease inhibitors (2 mM PMSF, 1 mM EGTA, 2 mg/ml leupeptin, 2 mg/ml aprotinin, 4 mM Na3VO4, 80 mM NaF, 20 mM Na4P2O7, and 10 mM potassium bisperoxol-[1,10-phenanthroline] oxovanadate) [3, 18] . Next, the tubule-interstitial tissue mixture was agitated, allowed to sediment, and then centrifuged. The pellet containing the seminiferous tubule-enriched fraction was characterized under the microscope as previously described [3, 18] .
Quantification of Apoptosis by ELISA
Apoptosis levels were measured using a cell death detection ELISA kit (Boehringer-Mannheim) as used previously [24] . The results are expressed in absorbance unit per milligram of protein (A/mg). Samples were assayed in duplicate.
Detection of Apoptosis by Immunolabeling
Apoptotic germ cells were labeled with an antibody against single-stranded DNA [25] . The quantification of apostain-positive cells was carried out on periodic acid Schiff-stained paraffin testis sections on 20 seminiferous tubules [24] selected at random from three different mice per experimental group of WT and Npc1À/À mice. The apostain-positive cells were counted without operator knowledge of the experimental condition of the testis from which the slides were taken.
Electrophoresis and Western Blots
A sample of 30 lg of total proteins from each tubule-enriched fraction sample was denatured in electrophoresis sample buffer and loaded on a 10% polyacrylamide minigel, subjected to electrophoresis, and electrotransferred onto nitrocellulose membranes. Membranes blocked 60 min at 378C with 5% skim milk in TBS (140 mM NaCl and 50 mM Tris-HCl, pH 7.4) were incubated with purified anti-SR-BI (1:2000 dilution), anti-SR-BII (1:1000), anti-ABCA1 (1:500), anti-HSL (1:500), anti-HMG-CoA reductase (1:400), anti-ACAT1 (1:500), anti-ACAT2 (1:250), anti-caveolin-1 (1:3000), antiflotillin-1 (1:250), and anti-lamp1 (1:100) overnight and mixed with the corresponding horseradish peroxidase (HRP)-conjugated secondary antibody. Some membranes were reprobed and incubated with anti-actin (1:3000). For proteins with molecular weights well above 50 kDa, the portion of the membrane below 50 kDa was incubated with anti-actin (1:3000). Antigenantibody complexes were revealed using enhanced chemiluminescence (Lumilight1; Roche).
Determination of Serum Testosterone Levels
Testosterone concentrations in mouse serum were measured by EIA using Cayman Chemical kits (Cayman Chemical) according to the manufacturer's instructions. Fifty microliters of serum sample were assayed per well for a total of 100 ll serum per animal. The sensitivity of the method was 6 pg/ml. All samples were evaluated in duplicate in a single assay. The coefficient of variation between duplicates ranged from 0.85% to 7.27%.
Serum Glucose Measurements
Serum glucose concentrations were measured within 5 h following overnight (18 h) fasting in mice fed a standard chow. Glucose was assayed by the use of an enzymatic (glucose-oxidize) colorimetric test kit, GOD-PAP (Boehringer-Mannheim), according to the manufacturer's instructions. Ten microliters of serum sample were assayed per animal.
Serum and Testicular Cholesterol Analysis
Free cholesterol and total cholesterol were measured in seminiferous tubule-enriched fractions (volume equivalent to 1 mg total protein) and in serum (80-100 ll) as described earlier [3] . Briefly, duplicate samples of fraction homogenates and serum were extracted with hexane/isopropanol (3:2) and evaporated at 378C with N-EVAP Nitrogen Evaporators (Organomation Associates, Inc., Berlin, MA). Free and total cholesterol were measured in the dried pellet by means of an enzymatic kit (Wako Chemical USA Inc., Richmond, VA). Esterified cholesterol levels were determined by subtraction of free from total cholesterol. Free and esterified cholesterol contents are expressed either in lg of cholesterol/mg of total tissue protein or in mg of cholesterol/dl of serum. The values are the mean 6 SEM from three independent experiments.
Morphological and Immunolabeling Studies
Testes and epididymides were fixed with Bouin fixative [26] . For Npc1 localization, endogenous peroxidase activity was inhibited with 0.3% hydrogen peroxide, and nonspecific binding was blocked with 3.0% skim milk. Paraffin sections were incubated with rabbit anti-Npc1 (1:50 dilution), rabbit anti-mouse Npc1 (1:500 dilution), and then biotinylated anti-rabbit F (ab 0 )2 (1:10 000 dilution) and peroxidase-conjugated streptavidin (1:200 dilution) [27] . Controls AKPOVI ET AL. included either the first or the second antibody alone and the use of Npc1 antibodies on Npc1À/À testes.
Data Analysis and Statistical Analysis
The bands of three independent immunoblots of each protein and the corresponding actin obtained from seminiferous tubule-enriched fraction samples were scanned. The intensity of the bands was quantified using the Scion Image Program (Scion Corp., Frederick, MD), and the values of each protein were normalized to the actin values. The data are presented as the mean 6 SEM and were evaluated with the Student t-test. For histological counts, the mean value of total apostain-positive cells obtained from 20 tubules per group of animal was determined. The data are presented as the mean 6 SEM and were evaluated with the Student t-test. (Fig. 1A) . Npc1 protein levels changed little from 14 to 35 days in WT mice but increased significantly (P , 0.05) by 42 days and then remained elevated thereafter (Fig. 1B) .
RESULTS
NPC1 in the Seminiferous
Tubule-Enriched Fraction During Postnatal Development Western blot analyses were performed with the Npc1 antibody on WT and Npc1À/À seminiferous tubule-enriched fraction (STf) in order to identify the immunoreactive band of Npc1 protein. The result showed several immunoreactive bands in WT sample of which only one, of 170 kDa, was not significantly present in Npc1À/À mice
Npc1 in Testis Sections
Npc1 localized to small dots scattered in the cytoplasm of Sertoli cells of the seminiferous epithelium (Fig. 1C) and in Leydig cells of the interstitium (Fig. 1C 0 ) in WT testes. No Npc1 labeling was detected in Npc1À/À control sections (Fig.  1D ).
Free and Esterified Cholesterol in the Seminiferous TubuleEnriched Fractions During Postnatal Development
During development, tubular free cholesterol levels showed no significant changes, while esterified cholesterol increased from 14 days to a maximum by 35 days (P , 0.05; 28 vs. 35 days) and then significantly decreased by 42 days (P , 0.01; 35 days vs. 42 days old) and in adult WT mice ( Fig. 2A) . In Npc1À/À mice, free cholesterol levels (88.19 6 7.21 lg cholesterol/mg protein) were significantly (P , 0.01) higher than in WT counterparts (48.02 6 3.72 lg cholesterol/mg protein; Fig. 2B ). Esterified cholesterol levels were nearly 10-fold higher in Npc1À/À tubules compared to WT mice (169.57 6 25.50 and 18.07 6 1.81 cholesterol/mg protein, P , 0.005; Fig. 2B ).
Abundance of Enzymatic and Nonenzymatic Proteins Involved in Cholesterol Metabolism
HSL expression showed no significant changes in Npc1À/À seminiferous tubule-enriched fractions compared to WT counterparts. HMGR (P , 0.01), ACAT1 (P , 0.01), and ACAT2 (P , 0.02) levels were significantly increased in Npc1À/À relative to WT (Fig. 2C ). ABCA1 (P , 0.03) and SR-BI (P , 0.05) expression was significantly higher in Npc1À/À than in WT tubules, whereas SR-BII and CD36 showed no differences (Fig. 2D) .
Caveolin-1, Flotillin-1, and Lamp1 Protein Levels
The caveolin-1 protein levels are significantly (P , 0.005) higher in the seminiferous tubule-enriched fractions of the Npc1À/À than in those of the WT (Fig. 3) . Flotillin-1 and Lamp1 expression showed no significant change between Npc1À/À and WT tubules fractions (Fig. 3) .
Testis Histology
Sertoli cells displayed large vacuoles in some Npc1À/À tubules (Fig. 4B) . Other Npc1À/À tubules showed a collapsed lumen and exfoliated germ cells compared to the WT (Fig. 4A) . The abundance of spermatozoa in Npc1À/À (Fig. 4D) mice epididymides was lower compared to WT (Fig. 4C) , and immature germ cells were more frequently seen.
Testicular Germ Cell Apoptosis
The number of Apostain-labeled apoptotic cells per seminiferous tubule was higher (P , 0.0001) in the Npc1À/À 
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( Fig. 4F ) than in the WT testis sections (Fig. 4E) Fig. 4H ).
Fas and Fas-L Protein Levels in Seminiferous TubuleEnriched Fractions
Fas (P , 0.001) and Fas-L (P , 0.0005) protein expression are significantly higher in Npc1À/À mice tubule-enriched fractions than in WT (Fig. 4I) .
Serum Glucose Levels
Circulating glucose concentrations were increased (P , 0.001) in Npc1À/À mice serum compared to WT (197.69 6 12.40 vs. 114.46 6 5.89 mg/dl). This notwithstanding, Npc1À/À serum glucose concentrations did not reach the levels reported in diabetic mice [28] .
Serum Testosterone Levels
A significant decrease in testosterone (P , 0.005) was observed in Npc1À/À mice compared to WT mice in that WT showed 334.07 6 42.50 pg/ml (n ¼ 7), while the Npc1À/À mice displayed concentrations that were only one-third the magnitude (109.93 6 15.88 pg/ml, n ¼ 5). 
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DISCUSSION
As noted in the Introduction, earlier studies of the effects on the testes of Npc1 absence have used whole testes extracts. By contrast, this study has examined the alterations of cholesterol and cholesterol-related proteins in seminiferous tubule enriched-fractions that contain germ cells, Sertoli cells, and myoid cells.
Forms of Npc1 in the Mouse
Western blot analyses with anti-mouse NPC1 antibody detected a 170-kDa immunoreactive band in WT but not in Npc1À/À mice, indicating that the 170-kDa isoform is the dominant form of NPC1 in mouse seminiferous tubules in contrast to the 170-, 190-, and 142-kDa NPC1 immunoreactive bands reported in transfected Chinese hamster ovary cells [29] .
Npc1 Protein During Normal Development
We show that Npc1 protein levels significantly increased toward the end of development in adulthood in seminiferous tubule-enriched fractions. We had previously reported that SR-BII also increased in tubules with development [3] . SR-BII mediates endocytosis of HDL-derived cholesterol [30] . Unlike SR-BI, SR-BII carries an endocytic motif in the carboxyl terminus that mediates rapid clathrin-dependent endocytosis and targets the receptor to the endosome compartment [31] . Since Npc1 protein is an endosome/lysosome resident, both proteins may act to mobilize cholesterol from circulating lipoproteins [2] . We localized Npc1 to small dots in Sertoli cell cytoplasm. Npc1 protein has been reported to be present in distinct compartments in mouse fibroblast cells [32] . A diffuse Npc1 protein localization has been associated with Lamp1-containing vesicle endosome/lysosome compartments that redistribute LDL-derived cholesterol from lysosomes to other cellular sites, including the plasma membrane and endoplasmic reticulum [33] . The Npc1-positive dots therefore represent Npc1-containing endosomes [32] that function to internalize plasma membrane cholesterol through an endosomal compartment distinct from lysosomes [34] .
Cultured seminiferous tubules from immature rats are believed to import HDL cholesterol but not LDL cholesterol [35] as the major source of cholesterol for Sertoli cells in vivo [2] . Cholesterol is, in part, imported by Sertoli cells from the blood [35] . Additional amounts of cholesterol may reside in the content of engulfed residual bodies [4] . In both instances, the cholesterol may be recovered in a compartment different from lysosomes. Our finding that the expression of Lamp1 is unchanged following inactivation of the Npc1 gene further indicates that the number of lysosomes is not affected in the tubules by this gene mutation. Together, these results suggest that mobilization of exogenous cholesterol and apoptosisderived cholesterol in seminiferous tubules may bypass the lysosome compartment.
Npc1 and Cholesterol Homeostasis in Seminiferous Tubules
We report that low Npc1 protein levels were accompanied by elevated esterified cholesterol levels, while high Npc1 protein levels were accompanied by low esterified cholesterol, suggesting that Npc1 protein may contribute to the efflux of excess of cholesterol from seminiferous tubules. This view agrees with our finding that esterified cholesterol was significantly elevated in Npc1À/À compared to WT tubule fractions. NPC1 has been colocalized with caveolin-1 [36] and ABCA1 [37] in endosomes for intracellular cholesterol transport to the plasma membrane. Both proteins have been reported to be expressed in Sertoli cells [38, 39] . Herein, we report a significant increase in caveolin-1 and ABCA1 protein levels in Npc1À/À compared to WT seminiferous tubules. Such increases in caveolin-1 levels have previously been reported in Npc1À/À fibroblasts [40] . Since endosomal cholesterol sorting has been shown to be possible in Npc1À/À human fibroblasts [41] , our finding of caveolin-1 and ABCA1 increases suggests a compensatory effect on intracellular cholesterol transport in Sertoli cells in the Npc1-deficient mice. This is consistent with the known properties of Sertoli cells, the phagocytic activity, and the ability to efflux excess lipids.
In the efflux process, intracellular cholesterol transport to the plasma membrane is followed by the lipidation of Apo-A1 through ABCA1 [42] or its incorporation into HDL via SR-BI [43] . SR-BI has been shown to permit cellular cholesterol efflux to HDL in Npc1À/À fibroblast cells [44] . The significant increase in SR-BI, ABCA1, and caveolin-1 protein levels in Npc1À/À seminiferous tubules suggests that the maintenance of low esterified cholesterol levels requires the contribution of cholesterol efflux proteins. The increase in HMGR protein levels we recorded in Npc1À/À compared to WT tubules suggests a possible cholesterol synthesis enhancement despite an accumulation of free and esterified cholesterol in Npc1À/À tubules. Sequestration of cholesterol in the late endosome/ lysosome compartment may impair down-regulation of HMGR expression normally induced by excess cellular cholesterol [45] .
We found that the protein levels of ACAT1 and ACAT2, the major enzymes in conversion of free to esterified cholesterol, are significantly increased in Npc1À/À tubules, suggesting 
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elevated cholesterol esterification following NPC1 deficiency. This agrees with our finding of an accumulation of esterified cholesterol in Npc1À/À tubule-enriched fractions. However, this result contrasts with another report of decreased esterified cholesterol in Npc1À/À Leydig cells that accompanied the accumulation of free cholesterol [19] . However, the significant decrease in serum testosterone we recorded in Npc1À/À mice agrees with other reports [19] .
Apoptosis in NPC1-Deficient Tubules
A number of studies have shown that testosterone withdrawal leads to increased germ cell apoptosis in rats [46, 47] . Herein we have observed disorganized spermatogenesis and exfoliated germ cells in Npc1À/À mice testes. Moreover, we showed that apoptosis levels, measured by quantification of Apostain-labeled apoptotic cells in testis sections or by ELISA in seminiferous tubule-enriched fractions, were increased in FIG. 4 . Testis morphology and apoptosis. Testes and epididymides were fixed with Bouin fixative and tissue sections from WT, and Npc1À/À mice were stained with Periodic Acid-Schiff. In WT (A), the testis morphology was normal. In Npc1À/À testes (B), exfoliation of germ cells and giant cells were observed (arrow and arrowhead). In addition, degenerating germ cells and large vacuoles (v) were seen. In the lumen of WT epididymides (C), spermatozoa were numerous, while they were fewer in Npc1À/À (D), where cellular debris was seen. Germ cell apoptosis measurement by immunoperoxidase labeling with Apostain labeling in WT (E) and in Npc1À/À (F). Apostain-positive germ cells are identified (arrows). Npc1À/À mouse shows more Apostain-labeled cells than in WT testes (magnification 31100). Original magnification 3425 (A-F). G) Apostain-positive cells were counted in 20 tubules from three different WT and Npc1À/À mice, and the results are expressed in the histogram. H) Histogram of cell death detection by ELISA in the cytoplasmic fraction of STf obtained in WT and in Npc1À/À mice. The data are expressed as optical density at 410 nm, and the values represent means 6 SEM of three independent experiments. I) Representative Western blots of Fas and Fas-L obtained from three independent experiments in WT and Npc1À/À STf. Next, the membranes were stripped and reprobed with anti-actin as loading control. The intensity of the bands was measured and values were normalized to those of actin (þþþP , 0.0001, #P , 0.02, þþP , 0.001, ***P , 0.0005: Npc1À/À vs. WT).
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Npc1À/À mice compared to WT counterparts, suggesting that the engulfment of dying germ cells by Sertoli cells is unaltered following NPC1 mutation. Furthermore, our finding of both Fas and Fas-L protein being significantly increased in Npc1À/À tubules is indicative that apoptosis is Fas/Fas-L dependent in the absence of Npc1.
Diabetes and NPC1
Diabetes has been reported to affect spermatogenesis and fertility [48, 49] . To determine the contribution of hyperglycemia and diabetes to the development of the abnormalities related to mutational deletion of Npc1, we measured serum glucose levels in Npc1-deficient mice. Our report of a significant blood glucose level increase in Npc1À/À mice compared to WT contrasts with a report of no difference in glucose concentration of plasma obtained from 84-day-old BALB/cJ Npc1À/À and WT mice [48] . Here we show that the inactivating mutation of the Npc1 gene induces moderate hyperglycemia to levels yet insufficient (250 mg/dl serum) to be characterized as typically diabetic [28] , thus indicating that Npc1À/À mice are not diabetic.
In summary, this study has shown disorganized spermatogenesis, an increase in both the number of Apostain-positive cells and the tubular apoptosis levels measured by ELISA, and with elevated Fas and FasL levels following inactivation of the Npc1 gene. Our finding that these pathological features were accompanied by imbalances in the expression of enzymatic and nonenzymatic cholesterol metabolism factors in tubule-enriched fractions is indicative that inactivating Npc1 causes compensatory changes in the expression of these factors. Together, we report the novel finding that Npc1 contributes to cholesterol homeostasis in mouse seminiferous tubules.
